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ABSTRACT 
An investigation was conducted on the effect of frost fonnation on the perfonnance 
evaporator coils typically found in domestic refrigerator-freezers. The effect of fin spacing 
on evaporator perfonnance was also studied. The study was carried out by setting the 
conditions of air inlet temperature, air inlet relative humidity, and refrigerant inlet 
temperature, and by varying the volumetric airflow rate over a wide range to study its effect 
on the evaporator overall heat transfer coefficient and the evaporator pressure drop. These 
values were monitored while frost accumulated on the evaporator over a ten hour period. 
The data was modeled using a least-squares curve fit where the heat transfer coefficient and 
the pressure drop were taken to be functions of the airflow rate and the mass of 
accumulated frost. Using a characteristic fan curve and the models for the heat transfer 
coefficient and pressure drop, conditions closely emulating actual systems were simulated 
and the actual variation of heat transfer coefficient as a function of accumulated frost was 
found It showed the expected trend of rising to a point and then dropping off. The overall 
heat transfer coefficient increased up to 40% of its starting value and was reached after the 
airflow rate had decreased to about 70% of its starting value. These were dependent on the 
fan characteristic curve that was used. The effect of fin spacing was studied by comparing 
a 5 fin per inch evaporator to a 2.5 fin per inch evaporator. The overall heat transfer 
coefficient was found to be directly proportional to the air-side surface area but the amount 
of frost deposited did not show this trend. 
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Chapter 1 
INTRODUCTION 
Objectives 
On any surface exposed to moist air, frosting will occur if the surface temperature is 
below the dew point of the air and below the freezing point of water. This occurs on the 
evaporator coil of domestic refrigerator-freezers in use today. As the frost builds up on the 
evaporator, the pressure drop across the evaporator increases, resulting in a decrease of 
volumetric air flow across the evaporator, and subsequent loss of heat transfer. Also, as 
the amount of frost increases, the heat transfer initially increases because the roughness of 
the frost increases the total surface area, but eventually the heat transfer decreases due to the 
insulating effects of the frost. The purpose of this investigation was to determine the net 
effect of this frost fonnation on evaporator perfonnance. Another investigation that was 
started was to determine the effect of fm spacing on evaporator performance. 
This investigation was carried out by varying the volumetric airflow rate and 
studying the effect of frost fonnation on the overall heat transfer coefficient of the 
evaporator and the evaporator pressure drop. By correlating the data compiled from these 
tests with a characteristic fan equation, the systematic effect of the frost more closely 
emulating actual operating conditions in refrigerator-freezers can be observed. To 
detennine the effect of fm spacing, an evaporator with 5 fins per inch was compared to one 
with 2.5 fins per inch. 
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Background 
This investigation is one of many studies on refrigeration and air conditioning 
carried out by the department of Mechanical Engineering at the University of Illinois at 
Urbana-Champaign. These studies are conducted under the auspices of the Air 
Conditioning and Refrigeration Center (ACRC), a National Science Foundation industry-
university consortium, formed in November 1989. 
The facility used to conduct this investigation was also used by Rite (1990) in his 
investigation of the effect of various parameters on the rate of frosting on evaporator coils. 
The facility had it beginnings in a study done by O'Neill (1988) and was modified by 
Heflin (1989) and then by Rite (1990) to the point where it stands today. The author used 
the same facility as was used by Rite to obtain the data used in this investigation. 
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Chapter 2 
LITERATURE REVIEW 
Introduction 
Several studies have been made concerning frost formation on various geometries 
and different heat exchangers. An extensive review of studies done on simple geometries, 
such as flat plates, cylinders, and annuli, as well as fmned-tube heat exchangers, was done 
by Heflin (1989). Another review of fmned-tube heat exchangers was done by Rite 
(1990). The review in this paper will be concerned mainly with studies done on the effects 
of frost on heat transfer and on the heat transfer coefficient during the operation of finned-
tube heat exchangers. 
Frosting Studies 
Among the fIrst studies done was one by Stoecker (1957). He studied two 
different coils, one with a fin spacing of nine fpi (fins per inch) (2.8 mm/fin) and one with 
four fpi (6.4 mm/fin). The air temperature and relative humidity were 32°F (O°C) and 
72% respectively, for all of his test runs. He used airflow rates of 540, 960, and 1450 cfm 
(ft3/min) (250, 450, 684 Us). He found that with increasing amounts of frost, the overall 
heat transfer coefficient increased slightly and then decreased slightly over the course of 
each test run. He conjectured that the increase occurred because of an increase of surface 
area due to the frost roughness or because the local air velocity increased due to the 
restriction in area. The decrease occurred because of the insulative properties of the frost. 
The same trends occurred on both of the evaporators he studied. The coil with wider fin 
spacing, however, had better heat transfer characteristics. 
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Lotz (1967) investigated frosting on rectangularly ribbed finned-tube coils. His 
experiments were done on an evaporator having 2.3 fpi (11mm/fin). He varied the airflow 
rate from 0.6 to 4.5 cfm (0.3 to 2.1 Us), the inlet air temperature from -5 to 32°P (-20 to 
O°C), and the relative humidity from 45 to 80%. Similar to Stoecker, he found that the 
heat transfer increased initially and then decreased. He attributed this to the initial increase 
in surface roughness and then the higher thermal resistance of the frost dominates. 
Gates, Sepsy, and Huffman (1967) studied frosting on production-type air 
conditioning coils. They studied heat exchangers with 1 to 6 tube rows and 2 to 16 fpi 
(12.7 to 1.6 mm/fin). Pace velocities were varied from 113 to 768 ft/min (34.4 to 234 
m/min). They found the heat transfer coefficient as a function of velocity and the humidity 
ratio difference between the air and the saturated conditions at the surface temperature. The 
heat transfer coefficient increased with the velocity and decreased with an increase in the 
humidity ratio difference. 
Sanders (1975) studied several different aspects of frosting and defrosting. He 
developed extensive physical models and perfonned frosting experiments on two different 
air coolers and a flat plate. He found that the Nusselt number increased with the Reynolds 
Number and that the Nusselt number was significantly higher with a constant layer of frost. 
This was attributed to the roughness of the frost. Also, the ratio of the Nusselt number of 
the frosted plate to the Nusselt number of the unfrosted plate increased with frost thickness 
to a point after which the ratio remained constant. 
Gatchilov and Ivanova (1979) studied frosting on three different heat exchangers of 
fin spacing 0.30,0.39, and 0.59 in. (7.5, 10, and 15 mm). The air relative humidity was 
varied from 74 to 88% and the air velocity was varied from 300 to 1500 ft/min (93 to 460 
m/min). The air inlet temperature was maintained at 32°P (O°C) and the average 
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temperature difference between the air and the refrigerant was maintained at approximately 
13°F (7°C). They found that the heat transfer coefficient initially increased and then 
decreased, similar to Stoecker's observations. The highest value of the heat transfer 
coefficient increased and occurred sooner with higher frost roughness, and dropped off 
more quickly with higher frost roughness. The frost roughness was influenced by the air 
velocity and the relative humidity: higher velocities and relative humidities resulted in a 
higher degree of roughness. 
Barrow (1985) performed an analytical study of data taken from the work of 
Blundell (1977). Finned and unfmned tubes were investigated. He observed that the heat 
transfer coefficient decreased significantly for the unfinned case but negligibly for the 
finned case. From this observation he concludes that the insulating effect of the frost is 
significant in the unfmned case but negligible in the finned case. This observation for the 
finned tube contradicts the observations of previous researchers. He attributes the 
reduction in heat transfer coefficient to the blockage of air flow due to the frost buildup. 
Kondepudi and O'Neal (1989, 1990) investigated a number of different finned heat 
exchangers. Fins with flat, wavy, and louvered configurations were studied, and the fin 
spacings investigated were 10, 14, and 18 fpi (2.5, 1.8, and 1.4 mm/fin). The test 
conditions were: relative humidities of 65 and 80%, face velocities of 130 and 200 ft/min 
(40 and 61 m/min), 32°F (O°C) air inlet temperature, and refrigerant temperatures of less 
than 10°F (-12°C). Airllow rates were maintained at a constant value for the duration of 
each test. They found that the heat transfer coefficient was consistently highest for the 
louvered fins, followed by the wavy fins, with the flat fins having the lowest of the three. 
Increasing fin density and the relative humidity increased the heat transfer coefficient. 
Increasing the air velocity increased the heat exchanger effectiveness, a quantity not 
investigated previously. It was found that the accumulation of frost did not have a 
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detrimental effect on the heat transfer, contrary to previous researchers. A possible reason 
for this is that the tests were only 50 minutes in length after which the coils became 
blocked. 
Senshu, et. al. (1990) investigated frosting effects on cross-finned tube heat 
exchangers found in heat pumps. A heat exchanger was studied experimentally under 
frosting conditions and then an analytical method was developed to predict the frost 
formation rate. They found that as frost forms on the coil, the heat transfer coefficient does 
not change significantly from that of an unfrosted coil. This is in contradiction with the 
findings of other researchers. A possible cause, however, is that due to the short run time 
of the experiments (-1 hr.), only a small amount of frost was deposited on the coil. 
Rite (1990) studied the effect of different parameters on the rate of frost formation. 
He used a coil with 5 fpi (5.1 mm/fin) operating under the following conditions: 
Refrigerant saturation temperature: -lOOP, -20oP (-23°C, -29°C) 
Air inlet temperature: lOOP, 200 P (-12°C, -6°C) 
Relative humidity: 52%,72% 
Air flow rate: 25, 40, 80 cfm (12, 19, 38 LIs) 
The refrigerant was maintained in the two-phase state throughout the evaporator and the 
volumetric airflow rate was maintained at a constant value for each test run. He observed 
that the overall heat transfer coefficient increased throughout each of the test runs and did 
not decrease. Prom this he concluded that the thermal conductivity of the frost has little 
influence on the heat transfer of the coil. On an extended test run, however, the overall 
heat transfer coefficient did level off, indicating that the frost finally did have an insulating 
effect. Also, the overall heat transfer coefficient was higher with the higher airflow rates, 
but all the rest of the cases considered fell close to the same curve. A possible exception 
occurred for the -20oP (-29°C) case, where the overall heat transfer coefficient increased 
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slightly faster than the rest of the cases. He attributed this to a possible different frost 
structure that resulted in greater surface roughness and hence, greater surface area. 
Summary 
It can be seen that there are many frosting studies available in the literature, some of 
which have been reviewed here. A problem occurs, however, when trying to compare one 
with another. The different heat exchanger configurations and operating conditions lead to 
different results and conclusions, sometimes conflicting with one another. For this reason 
it is extremely difficult to draw general conclusions about frost and its effect on evaporator 
performance. 
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Chapter 3 
EXPERIMENTAL FACILITY 
Introduction 
The experimental facility used to conduct this investigation was the same used by 
Rite (1990) and is described in full detail by him. A few minor changes were made to 
improve the system as described in the following pages. Refer to Rite (1990) for a 
complete description of the apparatus; a brief summary is given here. 
The facility used in this investigation is currently located on the ftrst level of the 
Mechanical Engineering Laboratory at the University of illinois at Urbana-Champaign. It 
consists of three parts: the refrigeration system, the air loop, and the data acquisition 
system. These three are described in turn in the following sections. 
The Refrigeration System 
The refrigeration system is for the most part a vapor compression system with a 
few added components to help achieve desired test conditions. See Figure 3.1 for a 
schematic. It consists of a compressor-condenser unit, two subcoolers, a suction line, a 
number of bypass valves, the main expansion valve, and the evaporator. All of the 
plumbing was done with 3/8 in. (9.53 mm) 0.0. soft copper tubing, except for the suction 
line which was done with 5/8 in. (15.9 mm) 0.0. soft copper tubing. A description of the 
refrigeration system begins with the compressor-condenser unit 
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Figure 3.1 Refrigeration system schematic 
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refrigerant from 
evaporator 
The compressor-condenser unit consists of a I-hp, R-12 reciprocating compressor, 
an air cooled condenser coil, a 1/8-hp fan, and a liquid receiver. Most of the refrigerant 
leaves the outlet port of the compressor going to an oil separator. A small amount goes 
through a bypass line leading directly to the suction line of the compressor. A metering 
valve regulates this flow which controls the pressure and subsequently the saturation 
temperature in the evaporator. This is designated as the hot gas bypass valve. 
From the oil separator the refrigerant proceeds through the condenser to the 
receiver. From there it takes one of four paths, three of which are relatively small flows 
and the main flow. A small amount goes to the final subcooler, controlled by a needle 
valve driven by a 12 VDC stepper motor. This controls the evaporator inlet quality. 
Another small branch goes through a desuperheating valve to the suction line. This was 
regulated by a thermostatic expansion valve (,fEV) but was replaced by a metering valve 
due to excessive hunting by the TEV. This valve maintains a relatively constant amount of 
superheat in the suction line. The third branch goes to the presubcooler and is regulated by 
another needle valve. 
The main flow of refrigerant continues to the presubcooler. This tube-in-tube.heat 
exchanger is used to ensure that the flow reaching the mass flow meter is subcooled liquid. 
At the exit, the temperature and pressure are measured and then the flow is sent through a 
filter-drier and sight glass to check that there are no vapor bubbles in the flow. 
The flow then proceeds to a Coriolis mass flow meter. The flow is checked by a 
sight glass after the mass flow meter to ensure that the refrigerant is still subcooled liquid 
and then the flow proceeds to the final subcooler. Due to the heat gain through the mass 
flow meter the final subcooler was needed to allow a greater range of evaporator inlet 
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qualities to be achieved. The fmal subcooler is a tube-in-tube heat exchanger constructed 
by Rite (1990). 
At the exit of the final subcooler the temperature and pressure are measured again 
and the flow then proceeds to the main expansion valve. This is a remotely actuated 
metering valve driven by a reversible electro-mechanical valve actuator. The refrigerant 
temperature and pressure are measured once again and the flow continues to the evaporator. 
-
Refrigerant to suction line 
-
Refrigerant from ~ final subcooler 
.. 
H'" T -
Main t®-@1 111111111111 
expansion P T 1111 II II 
valve I a.. II II II 
E~a;omtoc 
Test Section 
Refrigerated enclosure 
Figure 3.2 Schematic of Evaporator and Connected Refrigerant Lines 
The evaporator used is a Peerless of America model 162506 which uses a parallel-
cross!counter-cross geometric flow arrangement. The dimensions of the evaporator 
including the end turns are 2.00 x 8.00 x 23.5 in. (50.8 x 203 x 597 mm). Styrofoam was 
fitted over the ends so that the end turns did not contribute to the heat transfer. The tubes 
are 3/8 in. (9.53 mm) O.D. and are made of 1435 aluminum alloy. There are 106 fins 
made of the same material giving 5 fins per inch (5.1 mm/fin). Every other fin has 
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dimensions of 0.0075 x 2.00 x 8.00 in. (0.19 x 50.8 x 203 mm) and the rest have 
dimensions of 0.0075 x 2.00 x 7.25 in. (0.19 x 50.8 x 184 mm), giving a fin spacing of 
2.5 fpi (10.2 mm/fin) for the first tube row at the air inlet 
Figure 3.3 Photograph of Evaporator 
Mter leaving the evaporator the refrigerant temperature and pressure are measured 
again and the main flow becomes the suction line where it joins up with the small flows 
used in the hot gas bypass, the presubcooler, the final subcooler, and the de superheater. 
The flow goes through another filter-drier and sight glass and then to the suction 
accumulator to catch any liquid refrigerant From there the refrigerant vapor proceeds to 
the inlet of the compressor. 
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The Air Loop 
The air loop consists of two parts: a refrigerated enclosure which provided a 
suitable test environment and the air loop assembly itself. See Figure 3.4 for a schematic 
of the air loop assembly. The artificial environment of the enclosure minimized heat 
transfer from the air loop assembly and allowed a good energy balance from the air to the 
refrigerant. The enclosure was an upright freezer with 49.0 cubic feet (1.39 m2) internal 
volume. The on-off cycling of the freezer system was replaced by running the compressor 
continuously and using a temperature control system connected to the evaporator defroster. 
See Heflin (1989) for a complete description. 
Proceeding from the blower, the moist air enters the lower plenum from the right. 
Both the lower and upper plenums are made of 1/4 in. (1.35 mm) PVC board with a clear 
sliding front panel. A tray was placed in the lower plenum to catch the defrost during 
down time. Air temperature and relative humidity are measured here in the lower plenum. 
Relative humidity is measured using a capacitance-type sensor and a chilled-mirror dew-
point sensor, the latter of which was used for all relative humidity data due to its higher 
accuracy. The dew-point sampling line was replaced by a 1/4 in. (6.4 mm) stainless steel 
tube with small holes along the length of tube inside the plenum. The tube is connected to 
the suction side of an aquarium air pump and draws about 2 ft3Jhr (57 Uhf) of air. 
From the lower plenum the air passes up through a metal screen with a 1/16 in. (1.6 
mm) mesh to ensure uniform flow and then enters the test section. The test section is 
insulated with 2.0 in. (51 mm) of insulation on the back and 1.0 in. (25 mm) on the sides. 
The front wall is a double layer of 1/4 in. (6.4 mm) clear acrylic separated by 1.5 in. (38 
mm) of air and sealed around all four edges by 1.0 in. (25 mm) of insulation. This isolates 
the test section thermally. At the entrance and exit of the test section there is an array of 
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Figure 3.4 Schematic of Air Loop Assembly 
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thermocouples to measure temperatures and a set of pressure taps to measure the pressure 
drop across the evaporator. The pressure is measured using parallel lines connected to an 
analog pressure gauge and an inclined manometer. A Setra Systems, Inc. Model 264, 0-
0.25 in. H20 (0-62 Pa), pressure transducer was installed in place of the manometer to 
obtain more accurate readings at the small pressure drops encountered during this 
investigation. Another dew-point sample is drawn at the exit of the test section. 
Mter the air leaves the test section, it passes through another 1/16 in. (1.6 mm) 
metal screen and enters the upper plenum. Here, the air is heated by three 200 W light 
bulbs connected to a temperature control system identical to the one used to regulate the 
freezer temperature. The air exits to the right though a set of three nozzles used to roughly 
regulate the air flow rate. The nozzles have exit diameters of 0.50 in. (13 mm), 1.0 in. (25 
mm) and 2.0 in (51 mm). For the 2.5 fpi study these were changed to 11/16 in. (18 mm), 
1.0 in. (25 mm) and 1.6 in (41 mm). These allow for better pressure drop measurements 
across the nozzles, which were used to determine the airflow rate. The nozzles are covered 
by felt covered aluminum doors connected to solenoid actuators to remotely open the 
doors. There are also pressure taps located in the plenums to either side of the nozzles to 
measure the pressure drop across the nozzles and hence, the air flow rate (see Rite (1990) 
for details on this computation). 
After passing through the nozzles the air enters the return duct to the blower where 
the humidifier is located. It is simply a container with resistance heaters in the bottom to 
heat water. The voltage applied to the heaters is regulated by a Powerstat voltage regulator 
and monitored by an analog ammeter and voltmeter. There is a ruler attached to the inside 
wall of the container to measure water level. In addition, an Omega model LV 404 
ultrasonic distance transmitter was installed 9.5 in. (240 mm) above the top of the container 
to measure the water level. The purpose of this was to electronically measure the water 
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level as input to the data acquisition system. It was found to be accurate to within 0.01 in. 
(0.25 mm), which was the same as the ruler. To aid the mass transfer from the humidifier, 
a 2.5 in. (64 mm) circulation fan is located above the humidifier. There is also a plastic 
tube located here which penetrates both the air loop and the freezer compartment. This 
allows the operator to add water to the humidifier without disturbing the system. 
At the exit of the return duct is a remotely actuated conical control damper. In 
addition to offering a fine control over the airflow rate, it allows the airflow rate to be 
adjusted to maintain a constant value as frost builds up on the evaporator. The air leads 
from the damper directly to the blower inlet. 
Data Acquisition System 
The data acquisition system consists of an Apple Macintosh IIx personal computer 
outfitted with two data acquisition cards, four terminal panels, and a data acquisition 
program. The computer is housed in a cabinet in front of the test stand and connected to 
the terminal panels via multi-wire ribbon cables. 
The data acquisition program collects data once every six seconds, processes it, and 
displays it on the screen. Once every hour it automatically saves a data sheet with a one 
minute average of all the readings. After the installation of the pressure transducer to 
measure the air side pressure drop across the evaporator and the ultrasonic distance 
transmitter to measure the water level, all the necessary readings could be accomplished 
electronically and manual tabulation of the pressure drop and water level became 
unnecessary. The data acquisition program was modified to automatically save a data sheet 
every hour and includes the two new measurements. 
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Chapter 4 
EXPER~ENTALMETHOD 
Preliminary Procedure 
A test run comprised of two parts: a two-hour start-up time and a ten-hour data 
collection time. Since the operation of the test facility requires test conditions with 
temperatures well below ambient, the start-up time was required to bring the temperatures 
down to operating level and to set the desired test conditions. However, before a test may 
be run, all the moisture from the previous test must be removed from the evaporator.' This 
was done the day before a test by running the blower for a few hours with the front panel 
of the return duct removed. During days of high humidity in the summer there was a 
necessary second step which was to place a desiccant in the return duct and run the blower 
for a few hours with the front panel of the return duct in place. The air loop was then 
sealed. 
Start-up Procedure 
Once all the removable panels were sealed, the freezer was turned on, all the 
nozzles were opened, and the damper positioned to allow the maximum amount of air flow. 
The blower was then turned on and the compressor was turned on to start the circulation of 
refrigerant. The main expansion valve was opened to allow about twice as much 
refrigerant to flow as would normally be the case to increase the capacity of the evaporator. 
A 45-minute waiting period then ensued. 
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After about 45 minutes, the air loop temperature reaches approximately 250f' (-3.5° 
C) and tuning of the set points can begin. The air loop and freezer continue to cool during 
this time. First the expansion valve for the presubcooler was adjusted to obtain about 50°F 
(28°C) of subcooling at its exit. This corresponds to a refrigerant temperature of 
approximately 30°F (-0.8°C) at the exit. Since it was desired to operate the evaporator 
with the refrigerant in the two-phase region throughout most of the evaporator, the 
refrigerant flow rate was set to 0.35 Ibm/min (0.16 kg/min) which gave less than 5.0°F 
(2.8°C) of superheat at the evaporator outlet. This maintained an approximately constant 
refrigerant temperature and pressure in the evaporator. The expansion valve for the final 
subcooler was then adjusted to achieve a quality of about 0.11 at the evaporator inlet. The 
hot-gas bypass valve and the de superheater valve were then adjusted simultaneously to 
achieve an evaporator inlet temperature of -10°F (-23°C) and compressor inlet superheat of 
about 20°F (11°C). Superheat at the inlet of the compressor was necessary to prevent 
slugging. The de superheater valve had a greater effect on this temperature so it was 
adjusted first. Through trial and error the two were balanced and the desired set points 
achieved. It was found in general, however, that the de superheater valve did not need to be 
varied that much during a test run and thus did not need much adjusting during the start-up 
procedure. 
Once the air temperature in the test loop was at the desired set point of 10°F (-12° 
C) the airflow rate was set to the desired rate by closing appropriate nozzles and adjusting 
the damper. Table 4.1 shows the nozzle settings for the airflow rates studied. Table 4.2 
shows the nozzle settings used only for the 2.5 fpi part of the study. The reheat lamps 
were turned on at this time and adjusted to maintain the evaporator air inlet temperature at 
10°F (-12°C). The freezer temperature was set to 4.0°F (-15°C) for all test runs, 
corresponding to the average of the evaporator inlet and outlet air temperatures. 
18 
Each of the above adjustments affected the others to a small extent, therefore 
frequent fine adjustment of all the above was often necessary during the start-up procedure 
to achieve the desired set points. Once the test conditions had been obtained a sufficient 
amount of time was allowed to pass to insure that steady-state has been reached. 
Table 4.1 Nozzle Settings for Air Flow Rates in Study 
Air flow rate 0.5 in. 1.0 in. 2.0 in. 
(cfm) nozzle nozzle nozzle 
20 closed open closed 
30 open open closed 
40 open open closed 
50 open closed open 
60 open closed open 
70 o en closed o en 
Table 4.2 Nozzle settings used only for 2.5 fpi part of study 
Air flow rate 11/16 in. 1.0 in. 1.6 in. 
(cfm) nozzle nozzle nozzle 
40 open open closed 
60 closed closed open 
80 o en o en o en 
Data collection 
After steady-state conditions had been achieved, the data acquisition program was 
restarted and a data sheet was saved after one minute. The blower was turned off to relieve 
the air pressure in the air loop and 20.3 oz. (600 mL) of water was then introduced into the 
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system via the plastic tube described in Chapter 3. The blower was turned back on and the 
Powerstat and circulation fan were turned on at this time. The liquid level as shown on the 
computer screen was noted for later reference. Since the blower was turned off there was 
some deviation from the set points for a short period of time but these stabilized back to 
their appropriate values within 5 minutes. Mter the water was added it took about 30 
minutes for the relative humidity to reach the desired value of 50%. 
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Chapter 5 
THEORETICAL ANALYSIS 
Calculation of Overall Heat Transfer Coefficient 
. All of the equations given here are explained in Rite (1990) where the reasoning 
behind them is also given. For brevity, only the equations and a brief descriptive process 
will be given to show how the overall heat transfer coefficient is calculated from the data. 
First, the partial pressure of water at the evaporator inlet must be determined. This 
is given by the following equation which is valid for -148°F to 32°F (-100°C to O°C): 
where 
Pw = partial pressure of water (pa) 
T dp = dew point temperature (K) 
Cl = -5674.5359 
C2 = 6.3925247 
C3 = -9.677843 x 10-3 
C4 = 6.2215701 x 10-7 
Cs = 2.0747825 x 10-9 
C6 = -9.484024 x 10-13 
C7 = 4.1635019 
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The absolute humidity at the evaporator inlet is then found from: 
where 
Win = 0.62198 Ptot~":. P w 
Ptotal = total pressure of the moist air (pa) 
Win = absolute humidity at the evaporator inlet (ibm w~ter) 
Ibm aIr 
(5.2) 
The amount of water deposited on the evaporator coil is known from the liquid level 
measurements, hence the absolute humidity of the air at the evaporator outlet can be found 
using: 
Ibv = Ibair (Win - Wout> (5.3) 
where 
Ibv = frosting rate Cbm ;ater) 
Iilair = mass flow rate of air Cbhr air) 
Wout = absolute humidity at the evaporator outlet C~bmw~:er) 
Next, the total specific enthalpy of the moist air is determined using the following equation: 
where 
h = 0.240 Tdb + W(1061 + 0.444 Tdb) 
h = total specific enthalpy of air (i~~ir) 
T db = dry bulb temperature (oF) 
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(5.4) 
W = absolute humidity (Ibm w~ter) 
Ibm au 
This equation is applied at the evaporator inlet and outlet to get hin and hout. The total 
evaporator heat load can then be found from: 
Q = Iilair (hin - hout> 
where 
Q = total evaporator heat load 
The overall heat transfer coefficient is then found using: 
where 
Q = VA 
VA = overall heat transfer coefficient (Btu) hroF 
~Tl = Tair,in - Tref 
~T2 = Tair,out - Tref 
(5.5) 
(5.6) 
The refrigerant temperature, Tref, is approximately constant in the evaporator, hence, 
equation (5.6) is simply the log-mean temperature difference method for finding the heat 
transfer coefficient. 
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Modeling of the Overall Heat Transfer Coefficient 
Once the overall heat transfer coefficient was determined for each test run as the 
mass of frost increased, an equation was curve fit to the data to approximate the overall heat 
transfer coefficient as a function of the mass of frost deposited on the evaporator and the air 
flow rate. To accomplish this, the following equation form was assumed: 
1 b 
UA = A + yO.5 (5.7) 
where JA = total resistance to heat transfer of the heat exchanger 
A = refrigerant side resistance 
b .. d . V0.5 = arr-SI e reSIstance 
v = average air velocity in the evaporator 
This equation assumes that the refrigerant-side resistance is constant and that the resistance 
of the tube wall is negligible. This is reasonable since the tubes are made of aluminum, 
which is a very good thermal conductor, and the walls are extremely thin (0.028 in.) (0.72 
mm). The form of the air-side resistance term is given by Stoecker (1982) for a finned-
tube heat exchanger. The average air velocity is assumed to be related to the airflow rate 
and the mass of frost deposited on the evaporator by: 
v 
V = c - d(mf) (5.8) 
where 
v = air flow rate 
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mf = mass of frost deposited on evaporator 
c = open cross-sectional area of evaporator with no frost 
d = reduction in open cross-sectional area per unit mass of frost 
This equation assumes a constant frost density throughout the test run and that the frost is 
deposited uniformly on the evaporator. The constant d may be termed the "frost density 
parameter" and its units are the inverse of density times length. It is difficult to verify the 
assumption of constant frost density, but visual inspection of the coil as the frost built up 
indicated that the structure of the frost did not appear to change throughout a test run and 
that it was distributed fairly uniformly. 
The value of c could arguably be either 46.7 in.2 (301 cm2) or 31.1 in.2 (201 cm2), 
the former being the total open cross-sectional area without frost and the latter being the 
same minus the cross-sectional area of the tubes, which partially block the air flow. For 
this investigation the former value of c was used. As it turned out, changing the value of c 
only changed the other constants by a proportional amount so that in the fmal analysis 
presented in Chapter 6 the overall results were the same. 
Substitution of (5.8) into (5.7) yields: 
1 A I C - Dmf 
UA = A + 'J V 
where 
D = b2d 
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(5.9) 
(5.10) 
(5.11) 
Using the experimental data for the overall heat transfer coefficient, Equation (5.9) 
was used to curve fit the constants A, C, and D to give an equation for the overall heat 
transfer coefficient as a function of volumetric airflow rate and mass of frost. The 
Macintosh application, Engineering Equation Solver™, was used for this purpose. The 
program computed the constants A, C, and D by using a least-squares curve fit of Equation 
(5.9), with the error term being the right side of the equation minus the left side. The 
constant, b, can be determined from Equation (5.10), after which d can be found from 
Equation (5.11). 
Modeling of Evaporator Pressure Drop 
The air-side evaporator pressure drop was also modeled. This was accomplished 
by using the following equation typical of the pressure drop across finned tubes: 
where 
M'evap = E + fy2 
M'evap = pressure drop across evaporator 
E = an arbitrary experimental constant 
(5.12) 
E was necessary due to the nature of the experimental data, where the pressure drop did not 
tend towards zero with the airflow rate. This could be due to a calibration error. Equation 
(5.8) is then substituted for V in (5.10) yielding: 
M'evap = E + (G -tmf ) (5.13) 
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where 
c 
G = if 
d H=-if 
(5.14) 
(5.15) 
Using the experimental data for the evaporator pressure drop, Equation (5.13) was 
used to curve fit the constants E, G, and H as in the case for the overall heat transfer 
coefficient to give an equation for the pressure drop as a function of volumetric airflow rate 
and mass of frost. Similar to case of the overall heat transfer coefficient, f can be 
determined from Equation (5.14), and then d can be found from Equation (5.15). Ideally, 
the value of d found from (5.11) should be equal to the value of d from (5.15). 
Determination of Systematic Variation of Parameters 
To determine the net effect of the frost as it occurs in a real system, a system 
pressure drop equation must be determined. This was assumed by the following equation: 
M>fan = M> ducts + M> evap (5.16) 
where 
M>fan = static pressure rise across fan 
M>ducts = pressure drop through system ducts and fittings 
~Pevap is given 'by Equation (5.li). Mfan is given by the fan characteristic equation 
which, from experimental data, was assumed to be of the form: 
M>fan = I - IV (5.17) 
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where I and J are known constants. M>ducts was approximated by: 
(5.18) 
where K is a constant found by substituting Equations (5.11) and (5.13) into Equation 
(5.12) and solving for M>ducts for the case of no frost and for a typical airflow rate; in this 
case 40 cfm (19 LIs) was used. This value is then substituted for M>ducts in Equation 
(5.14) which is then solved for K, using the same airllow rate as before. 
Finally, Equations (5.9, 13, 16 - 18) are solved simultaneously while specifying 
the mass of frost deposited. Thus, while the mass of frost is increased, the actual variation 
in the overall heat transfer coefficient and volumetric flow rate can be determined. 
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Chapter 6 
EXPERIMENTAL RESULTS AND ANALYSIS 
Test Conditions 
Other than the air flow rates, the test conditions for each test run were set as 
follows: the refrigerant inlet temperature was set to -10°F (-23°C), the air inlet temperature 
was set to 10°F (-12°C), and the relative humidity was set to 50%. The refrigerant in the 
evaporator was to be in the two-phase region for almost the entire length of the evaporator, 
so the inlet quality was set to approximately 0.1 and the outlet superheat was set so as not 
to exceed 5°F (3°C). Two tests were run for each ofthe air flow rates investigated; these 
were 20, 30, 40, 50, 60, and 70 cfm (9.4, 14, 19,24,28, and 33 LIs). Each test was run 
for ten hours during which frost was allowed to accumulate on the evaporator. For the 2.5 
fpi (10 mm/fin) part of the study, only air flow rates of 40, 60, and 80 cfm (19, 28, and 38 
LIs) were used. 
Results: Overall Heat Transfer Coefficient 
Figure 6.1 shows the data collected for the overall heat transfer coefficient and the 
curve fit that was made to it. The constants found for Equation (5.9) were: 
A = 0.0033105 
C = 0.0063957 
D = 0.0041039 
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Figure 6.1 Overall Heat Transfer Coefficient Versus Accumulated Frost with a Least 
Squares Curve Fit 
This curve fit was made to the data collected here and also to data points collected by Rite 
(1990) for which much higher amounts of frost were accumulated. These high frost data 
points correspond to a relative humidity of 72%, air inlet temperature of 20°F (-6°C), and 
refrigerant inlet temperature of -20°F (-29°C), with the other parameters remaining 
unchanged for each case. The airflow rate was 40 cfm (19 Lis) for all these cases. Figure 
6.2 shows how the curve fit compares to the higher frost data, and shows the curve at the 
other flow rates as well. 
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Figure 6.2 Overall Heat Transfer Coefficient Versus Accumulated Frost 
Curve fit compared to the higher frost data points. 
Referring to Figure 6.1, it can be seen that although there is a bit of scatter in the 
data, particularly for the 20 cfm (9.4 Lis) case, it does show a definite upward trend. 
Similar to the data in Rite (1990), the data only goes up with the accumulation of frost, 
indicating only an enhancement of heat transfer due to the frost. Any insulation due to the 
frost is not apparent. The enhancement is due to both the increased surface area from the 
frost and the increase in local air velocity across the evaporator, but the increase in air 
velocity probably has the greater effect. This will be further discussed in a later section. 
Table 6.1 shows the errors associated with the curve fit for each case, including the high 
frost cases. For all the data points obtained in this investigation the average error was 2 
Btu/hr·oF (1.1WrC), which corresponds to a 3% average error. A slightly better curve fit 
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could be made to the data if the high frost cases are neglected, but if this curve is compared 
to the high frost data points, the associated errors increase dramatically. 
Table 6.1 Errors in Curve Fit for Overall Heat Transfer Coefficient 
Case Average absolute Average absolute 
error (Btu/hr-OF) error (%) 
20cfm 1.8 3.6 % 
30cfm 1.5 2.7 % 
40cfm 1.4 2.2 % 
50cfm 2.1 3.1 % 
60cfm 3.4 4.7 % 
70cfm 1.6 2.0% 
Total error 2.0 3.0 % 
(excl. high frost) 
All high frost cases 2.9 3.9 % 
Results: Evaporator Pressure Drop 
Figure 6.3 shows the data collected for the pressure drop and the curve fit that was 
made to it The coefficients found for Equation (5.11) were: 
E = 0.011623 (in. H20) 
G = 419.13 ( ft3 ) 
min-(in. H20)O.5 
H = 316.76 ( ft3 ) min-(in. H20)O.5_lbm 
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Figure 6.3 Evaporator Pressure Drop Versus Accumulated Frost With a Least 
Squares Curve Fit 
The errors associated with this curve fit are shown in Table 6.2. Note that the average 
error expressed as a percent generally increases as the airflow rate goes down, even though 
the error expressed in inches H20 remains approximately the same. This is due to the way 
in which the average percent error was defined: the predicted value minus the actual value 
all divided by the actual value. This raised the total average percent error to almost 6%, 
although only two of the cases were greater than this. 
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Table 6.2 Errors in Curve Fit for Evaporator Pressure Drop 
Case Average absolute Average absolute 
error (in. H2O) error (%) 
20cfm 0.0017 14% 
30cfm 0.0013 6.3 % 
40cfm 0.0010 3.9 % 
50cfm 0.0013 4.0% 
60cfm 0.0016 3.9 % 
70cfm 0.0013 2.9 % 
Total error 0.0014 5.8 % 
(excl. high frost) 
All high frost cases 0.014 30% 
It was noted in Chapter 5 that it was necessary to include the constant E in the 
pressure drop equation due to the nature of the experimental data. If E was neglected and 
set to zero, the curve fit tended to be too low for the low air flow rates and far too high for 
the high air flow rates. This problem could not be circumvented by any means other than 
the inclusion of the constant E. 
The curve fit was also compared to the high frost data points for evaporator 
pressure drop and is shown graphically in Figure 6.4. Note the two different curves that 
the data points take. Rite attributed this to a problem in the pressure drop measurement. 
Consequently, a good model that approximates the evaporator pressure drop at higher 
amounts of frost was difficult to make and only the data points taken in this study were 
used in the curve fit. This accounts for the 30% average error for the high frost cases. 
Several different curve fits were attempted to fit the high frost data better, but the better the 
curve fit was to the high frost data points, the worse it got for the lower frost data points. 
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Figure 6.4 Evaporator Pressure Drop Versus Accumulated Frost 
Curve fit compared to the higher frost data points. 
Fan Characteristic Curves 
Figure 6.5 shows the two different fan characteristic curves used. The plotted 
points are the values found for M>fan in the simultaneous solution of Equations (5.9, 13, 16 
- 18). Fan lis typical of a-fan.characteristic curve for fans found in refrigerator-freezers. 
This curve was modified by increasing its slope (Fan 2). These two curves were used in 
the determination of the actual variation in overall heat transfer coefficient and air flow rate. 
Table 6.3 gives the coefficients for Equations (5.17) and (5.18). 
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Figure 6.5 Characteristic Fan Curves 
Table 6.3 Coefficients for M>fan = 1- J V (Eq. 5.17) 
and M>ducts = KV2 (Eq.5.18) 
Curve I J K 
(in. H2O) (in. H20)·min (in. H20)·min2 
ft3 ft6 
1 0.25656 0.0029551 0.000073106 
2 0.50000 0.0090411 0.000073106 
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Actual Variation in Air Flow Rate and Overall Heat Transfer Coefficient 
Figure 6.6 shows the curves given by the values for the airflow rate as found by the 
simultaneous solution of Equations (5.9, 13, 16 - 18) using the two different fan 
characteristic curves. The airflow rate shows the expected trend of gradually dropping 
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Figure 6.6 Air Flow Rate Versus Accumulated Frost 
initially and increasing its rate of drop-off as frost accumulates. The fan with the steeper 
slope, Fan 2, drops off more slowly than Fan 1 with the accumulation of frost. This is 
consistent with the observation that due to its steeper slope, Fan 2 is less sensitive to 
pressure changes elsewhere in the system, i.e., Fan 2 is more "powerful". 
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Figure 6.7 shows the curves for the overall heat transfer coefficient as found by the 
simultaneous solution of Equations (5.9, 13, 16 - 18) using the two different fan 
characteristic curves. As expected, the curves show an upward trend, the attainment of a 
peak, and then dropping off. The effect of the different fan characteristic curves was that 
the steeper the slope of the fan curve, the higher the peak and the more frost deposition it 
took to reach this peak. 
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Figure 6.7 Overall Heat Transfer Coefficient Versus Accumulated Frost 
Table 6.4 compares the peaks of the different curves and gives the airflow rate 
where the peak occurred. As can be seen, the percent increase in the overall heat transfer 
coefficient varies from 34% to 40%, and the airflow rate at which the peaks occur varies 
from 70% to 72% of the starting air flow rate. This further shows the importance of the 
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Table 6.4 Comparison of Peaks in Overall Heat Transfer Coefficient 
Curve Peak value of UA % increase of Air flow rate % of starting air 
(Btu/hr. OF) UA (cfm) flow rate 
1 83.7 34% 28.0 70% 
2 87.8 . 40% 28.8 72% 
fan characteristic on the overall heat transfer coefficient. A more powerful fan will improve 
the performance of the evaporator and increase the length of time before the heat transfer 
becomes so far degraded that defrosting becomes necessary. 
The increased power requirements of the fan has a price, however. The system 
coefficient of performance (COP) can be defined as the ratio between the net cooling 
required and the total power required. A more powerful fan requires more cooling in the 
system to dissipate its increased energy expenditure, while the power requirements 
increase. Thus, the additional power needed is paid for twice with regards to the system 
COP. The benefits of better evaporator performance need to be weighed against the 
requirements of the more powerful fan. 
Importance of Air Velocity Versus Surface Enhancement 
Figure 6.8 shows a comparison of the overall heat transfer coefficient and air 
velocity over the evaporator as the mass of frost accumulates. Both of the curves rise and 
fall in the same manner and peak at the same place. The similarity of the two curves 
indicates that with this model, it is the variation in air velocity through the evaporator that 
results in the change in heat transfer coefficient. 
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Figure 6.8 Comparison of overall heat transfer coefficient and air velocity over 
evaporator as frost accumulates (Fan 1 only). 
Problems with the Model 
There were two problems encountered which were not resolved. The first one was 
the inaccuracy of the curve fit to the high frost data points as reported by Rite (1990) for the 
evaporator pressure drop, as was discussed earlier. Rite did report a problem in his 
pressure drop measurement, which would indicate that the best way to solve this problem 
would be to run a number of tests out to higher amounts of frost to get more accurate data 
at high frost. 
The second problem regards the value of the frost density parameter, d, introduced 
in Chapter 5. As was mentioned in Chapter 5, the value of d as calculated from Equation 
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(5.11) should ideally be equal the value of d as calculated from Equation (5.15). This was 
not found to be the case, however. The value of d calculated from Equation (5.11) was 
30.0 ft2/lbm, whereas the value of d calculated from Equation (5.15) was 35.3 ft2/lbm. 
These are not very different from one another; however, they do give two different 
velocity calculations as shown in Figure 6.9. The curve for the velocity calculated using 
the value of d found from Equation (5.15) does not show the expected trend of an increase 
and then a decrease; only an increase. It must be noted, however, that this value of d and 
its associated velocity calculation were found using the constants found for the pressure 
drop curve fit, which was inaccurate at higher amounts of frost. Since the curve fit for the 
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Figure 6.9 Comparison of the air velocity curves as computed by the 
two different values of d (Fan 1 only). 
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overall heat transfer coefficient was deemed to be accurate, a curve fit was made to the 
pressure drop by not combining the constants c and f, and d and f, in Equations (5.8 and 
12), and by specifying the value of d as the value calculated from Equation (5.11). This 
resulted in a least-squares calculation for only a and f. The curve resulting from this fit was 
not any better and the resulting velocity calculation did not improve. Different exponents 
on the velocity term in Equation (5.12) were tried but these did not work either. This 
problem was left unresolved. A probable solution would be to once again run the tests out 
to higher amounts of frost to obtain more accurate values for the evaporator pressure drop. 
Comparison of 2.5 fpi to 5 fpi 
Table 6.5 compares the 2.5 fpi (10 mm/fin) case to the 5 fpi (5.1 mm/fin) case and 
Figure 6.9 shows both data sets for the 2.5 fpi cases and 5 fpi cases for the overall heat 
transfer coefficient. The 80 cfm (38 Us), 5 fpi test data was taken from Rite (1990). As 
close as can be measured, the ratio of the air-side area of the 2.5 fpi evaporator to the air-
side area of the 5 fpi evaporator is 62%. The air-side area includes the surface area of the 
tubes and the fins. As can be seen in Table 6.5, the ratio of the overall heat transfer 
coefficients of the 2.5 fpi evaporator and the 5 fpi evaporator is about 62% also. This 
seems to indicate that between the two evaporators, the overall heat transfer coefficient is' 
directly proportional to the surface area. Thus, the air-side heat transfer coefficients are not 
Table 6.5 Comparison of 2.5 fpi Cases and 5 fpi Cases 
Air flow rate Frost mass with 2.5 fEi VA with 2.5 fEi 
(cfm) Frost mass with 5.0 f i VA with 5.0 f i 
40 64% 57% 
60 50% 62% 
80 56% 62% 
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Figure 6.10 Overall Heat Transfer Coefficient Versus Accumulation 
Comparison between 2.5 fpi and 5 fpi. 
0.4 
a strong function of fin spacing. The amount of frost mass deposited does not follow the 
same trend, however. It seems that the amount of frost mass deposited depends differently 
on the surface area than the overall heat transfer coefficient. It must be noted, however, 
that this was only a preliminary study. Much more work needs to be done to determine an 
optimal fm spacing. 
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Chapter 7 
CONCLUSION 
Summary 
An evaporator with 5 fpi was tested using various flow rates to detennine the effect 
of frost on the overall heat transfer coefficient of the evaporator. This, along with the 
pressure drop across the evaporator, was correlated with several fan characteristic curves to 
fmd the systematic effect of the frost on the heat transfer coefficient. The evaporator was 
replaced with one with 2.5 fpi which was tested under similar conditions as the 5 fpi one 
and the two were compared. The results obtained were as follows: 
1) The overall heat transfer coefficient increased as frost was deposited on the 
evaporator. The airflow rate was held constant for all of these tests. This seemed to 
indicate that only the enhancement effect of the frost was felt, and that any insulation effects 
were negligible. 
2) Good curve fits were obtained for the overall heat transfer coefficient and the 
evaporator pressure drop, with average errors being 3% and 6%, respectively. The curve 
fit for the overall heat transfer coefficient compared well with the high frost data, but the 
high frost evaporator pressure drop data was not consistent enough to make a good 
comparison. 
3) When simulating a typical fan and evaporator system, the airflow rate showed the 
expected trend of dropping off slowly initially and gradually increasing the rate of drop-off. 
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4) When the evaporator pressure drop and pressure rise across the fan were taken into 
account, the overall heat transfer coefficient showed the expected curve of increasing to a 
point and then decreasing. This was attributed to the increase in local velocity, causing the 
initial increase, and then the reduction in airflow rate, causing the decrease in the overall 
heat transfer coefficient. 
5) The peak of the overall heat transfer coefficient occurred higher and at greater 
amounts of frost with the more powerful fan, represented by a steeper slope. 
6) The overall heat transfer coefficient varied from 34% to 40% over its starting value 
with the frost deposition, and peaked when the air flow rate was between 70% and 72% of 
its starting value, depending on the fan curve used. 
7) Comparing the 2.5 fpi evaporator to the 5 fpi evaporator, it appears that the overall 
heat transfer coefficient is directly proportional to the air-side surface area. The mass of 
frost deposited does not show this trend, however. 
Improvements of the Facility 
A number of recommendations were given in Rite (1990) for improvement of the 
testing facility. The improvements were as follows: 
1) A very low differential pressure transducer was installed to improve the pressure 
measurements across the evaporator. 
2) An ultrasonic distance transmitter was installed to better measure the water level. 
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3) The dew point sampling lines were changed from copper tubing to stainless steel 
tubing. However, this did not fIx the dew point measurement discrepancy described in 
Rite (1990). 
4) The dew point sampling line valves were changed from hand valves to remotely 
actuated solenoid valves controlled by the computer. 
5) The data acquisition program was changed to incorporate the two new measure-
ments and to automatically save a data sheet every hour, thus freeing the operator from the 
stringent one hour checks throughout the day. 
Recommendations 
The recommendations for future work on this topic include: 
1) Improvement of the facility as recommended by Rite (1990): implementation of an 
automatic control system for the main expansion valve, the hot gas bypass valve, the fInal 
subcooler valve, and for the air damper, reconstruction of the air loop to eliminate all air 
leaks, and installation of a new moisture injection method. 
2) The tests should be run out for longer periods of time and at higher frosting rates to 
increase the amount of frost on the evaporator. It was not anticipated that such a high 
amount of frost would be required before the peak in the overall heat transfer coeffIcient 
was reached. Running several tests at the various air flow rates and at the higher frosting 
rates or for longer times would provide better verifIcation of the curve fIts developed here. 
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3) Different fin configurations and spacings should be investigated more thoroughly. 
If the overall heat transfer coefficient is dependent only on the surface area, as was alluded 
to in this study, the models developed here could be expanded to include this effect and be 
more universally applicable. 
4) An actual refrigerator should be instrumented to verify typical operating conditions 
and frost deposition rates so that the type of analysis presented here can be used to better 
predict when defrosting of the evaporator should be done. Some of this is being done here 
at the University of lllinois but further work needs to be done. 
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APPENDIX A. Experimental Data 
The following is the experimental data collected for the investigation. These are the 
averages of ten values over one minute every hour for ten hours. 
Abbreviations 
TIME: Time from beginning of test (hr) 
TAO: Air outlet temperature (oF) 
TAl: Air inlet temperature (~ 
TRI: Refrigerant inlet temperature (oF) 
RMF: Refrigerant mass flow rate (Ibm/min) 
RH: Relative humidity (%) 
DPI: Inlet dew point temperature (oF) 
M>: Evaporator pressure drop 
(in. H2O) 
LVL: Water level (in.) 
APR: Airflow rate (cfm) 
X: Refrigerant inlet quality 
70 cfm, 5 fpi, May 24, 1991 
TIME TAO TAl TRI RMF RH DPI LlP LVL APR X 
0 -2.3 9.8 -10.2 0.366 37.7 -8.8 0.038 11.25 70.8 0.11 
1 -2.2 10.1 -10.1 0.372 50.6 -3.1 0.041 11.28 70.8 0.12 
2 -2.3 9.8 -10.1 0.371 50.3· -3.5 0.043 11.34 70.5 0.13 
3 -1.9 10.3 -9.6 0.375 50.1 -3.1 0.045 11.37 70.4 0.12 
4 -2.3 9.9 -10.0 0.369 49.8 -3.6 0.046 11.42 70.0 0.13 
5 -2.4 9.9 -10.0 0.370 49.5 -3.7 0.047 11.47 70.0 0.13 
6 -2.3 10.0 -10.0 0.369 45.3 -5.2 0.049 11.51 69.9 0.13 
7 -2.2 10.2 -10.0 0.369 50.0 -3.2 0.051 11.55 70.1 0.13 
8 -2.2 10.3 -10.2 0.364 49.7 -3.2 0.052 11.59 70.1 0.12 
9 -2.4 10.2 -10.4 0.362 49.5 -3.4 0.054 11.65 70.0 0.12 
10 -2.5 10.1 -10.6 0.361 44.8 -5.4 0.056 11.70 70.0 0.12 
50 
70 drn, 5 fpi, June 4, 1991 
TIME TAO TAl TRI RMF RH DPI ~P LVL APR X 
0 -1.9 10.3 -10.0 0.376 37.5 -8.5 0.035 11.29 70.6 0.11 
1 -2.5 9.9 -10.0 0.372 50.7 -3.3 0.038 11.33 69.9 0.14 
2 -2.5 9.7 -10.0 0.376 50.0 -3.8 0.041 11.36 70.0 0.10 
3 -1.0 12.3 -9.1 0.377 47.8 -2.1 0.042 11.39 70.0 0.10 
4 -2.6 10.1 -10.4 0.373 49.6 -3.5 0.045 11.46 69.7 0.11 
5 -2.5 10.3 -10.0 0.374 49.7 -3.2 0.047 11.52 69.5 0.11 
6 -2.8 10.0 -10.3 0.369 49.8 -3.5 0.048 11.56 69.9 0.12 
7 -2.7 9.8 -10.3 0.368 51.0 -3.2 0.050 11.60 70.1 0.12 
8 -3.0 9.7 -10.3 0.366 50.6 -3.5 0.052 11.66 70.1 0.12 
9 -2.8 9.8 -10.1 0.371 50.5 -3.4 0.054 11.71 69.9 0.12 
10 -3.0 9.7 -10.4 0.368 50.1 -3.6 0.056 11.77 70.0 0.12 
60 drn, 5 fpi, April 23, 1991 
TIME TAO TAl TRI RMF RH DPI ~ LVL APR X 
0 -2.3 9.9 -10.1 0.349 41.9 -6.8 0.031 11.37 59.7 0.08 
1 -2.3 10.0 -9.6 0.355 52.2 -2.6 0.033 11.41 59.6 0.13 
2 -3.6 9.7 -11.5 0.358 48.4 -4.3 0.035 11.47 59.3 0.10 
3 -2.9 9.9 -10.5 0.348 50.2 -3.5 0.037 11.51 59.2 0.10 
4 -2.2 10.2 -9.2 0.357 52.3 -2.4 0.039 11.56 59.7 0.09 
5 -3.0 10.0 -10.5 0.348 50.8 -3.1 0.041 11.62 59.8 0.09 
6 -3.0 10.0 -10.5 0.346 51.1 -3.0 0.043 11.67 59.7 0.09 
7 -3.0 9.9 -10.6 0.342 50.0 -3.5 0.045 11.73 59.8 0.09 
8 -3.0 10.0 -10.4 0.340 49.5 -3.7 0.046 11.78 60.1 0.09 
9 -2.9 10.0 -10.2 0.354 50.6 -3.2 0.048 11.83 59.7 0.09 
10 -2.8 10.0 -10.2 0.351 51.2 -3.0 0.050 11.88 59.8 0.09 
51 
60 cfm, 5 fpi, May 22, 1991 
TIME TAO TAl TRI RMF RH OPI L1P LVL APR X 
0 -2.8 10.3 -10.1 0.341 37.2 -8.7 0.029 11.35 60.0 0.12 
1 -2.8 10.4 -10.0 0.351 50.4 -2.9 0.032 11.39 59.4 0.13 
2 -2.9 10.1 -10.0 0.348 49.8 -3.4 0.034 11.44 60.2 0.12 
3 -3.0 10.2 -10.2 0.353 50.1 -3.2 0.035 11.48 59.9 0.10 
4 -3.4 9.5 -10.6 0.347 51.0 -3.5 0.037 11.55 60.1 0.11 
5 -3.0 9.9 -10.2 0.345 50.9 -3.2 0.038 11.60 60.4 0.11 
6 -3.3 9.7 -10.4 0.342 50.1 -3.7 0.040 11.66 59.9 0.11 
7 -2.9 9.9 -9.9 0.350 50.5 -3.3 0.041 11.71 59.9 0.11 
8 -3.1 9.9 -10.1 0.348 50.6 -3.3 0.042 11.75 59.9 0.11 
9 -3.1 9.9 -10.1 0.347 50.0 -3.5 0.044 11.80 60.0 0.11 
10 -3.2 9.9 -10.3 0.345 50.2 -3.5 0.045 11.85 59.9 0.11 
50 cfm, 5 fpi, May 20, 1991 
TIME TAO TAl TRI RMF RH OPI aP LVL APR X 
0 -3.7 9.7 -10.1 0.350 36.6 -9.5 0.025 11.43 49.7 0.14 
1 -3.5 10.0 -10.1 0.348 49.8 -3.5 0.026 11.47 49.7 0.12 
2 -3.4 10.0 -9.8 0.347 49.5 -3.6 0.027 11.51 49.8 0.12 
3 -3.6 10.1 -10.1 0.347 49.7 -3.5 0.029 11.57 49.7 0.13 
4 -3.7 10.1 -10.2 0.345 49.7 -3.5 0.030 11.62 49.9 0.13 
5 -3.9 10.0 -10.5 0.346 49.9 -3.5 0.031 11.68 49.7 0.13 
6 -3.7 10.0 -10.3 0.343 50.7 -3.2 0.033 11.72 49.3 0.13 
7 -3.8 10.0 -10.4 0.341 50.2 -3.4 0.034 11.78 50.3 0.13 
8 -4.0 10.0 -10.4 0.345 42.4 -6.5 0.035 11.82 49.7 0.13 
9 -3.8 10.1 -10.2 0.344 49.6 -3.5 0.036 11.87 49.7 0.13 
10 -3.6 10.2 -10.0 0.346 49.5 -3.4 0.037 11.93 49.9 0.13 
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50 cfm, 5 fpi, August 6, 1991 
TIME TAO TAl TRI RMF RH DPI .1P LVL APR X 
0 -3.2 10.0 -10.3 0.362 35.4 -9.8 0.027 11.34 49.9 0.12 
1 -4.3 9.6 -10.6 0.368 51.9 -3.1 0.028 11.38 49.9 0.13 
2 -4.8 9.4 -10.9 0.368 50.6 -3.8 0.029 11.43 49.5 0.13 
3 -3.8 10.1 -10.2 0.369 51.0 -3.0 0.030 11.46 50.3 0.12 
4 -3.8 10.2 -10.1 0.369 49.4 -3.5 0.030 11.51 50.3 0.13 
5 -3.7 10.3 -10.0 0.369 49.2 -3.5 0.031 11.55 50.0 0.13 
6 -3.8 10.2 -10.0 0.368 49.3 -3.5 0.032 11.59 49.8 0.13 
7 -3.9 10.2 -10.2 0.366 49.4 -3.5 0.033 11.63 50.2 0.13 
8 -4.2 9.8 -10.3 0.365 49.5 -3.8 0.033 11.68 50.0 0.13 
9 -4.2 9.9 -10.3 0.364 49.9 -3.5 0.035 11.73 49.7 0.13 
10 -4.0 10.0 -10.2 0.364 49.9 -3.5 0.036 11.77 50.1 0.14 
40 cfm, 5 fpi, April 18, 1991 
TIME TAO TAl TRI RMF RH DPI .1.P LVL APR X 
0 -4.0 10.2 -9.8 0.371 54.1 -1.8 0.020 11.36 39.9 0.10 
1 -4.4 10.0 -10.1 0.364 51.5 -2.9 0.020 11.42 39.8 0.11 
2 -4.7 9.9 -10.2 0.364 51.2 -3.1 0.021 11.48 39.8 0.11 
3 -4.6 9.9 -10.0 0.362 50.2 -3.5 0.022 11.53 39.9 0.11 
4 -4.5 10.0 -9.8 0.361 50.5 -3.2 0.023 11.57 39.9 0.12 
5 -4.7 10.0 -9.9 0.359 50.1 -3.4 0.024 11.61 40.0 0.12 
6 -4.8 9.9 -10.1 0.358 50.0 -3.5 0.024 11.66 39.8 0.12 
7 -4.8 10.0 -10.1 0.357 50.9 -3.1 0.025 11.71 40.0 0.12 
8 -4.9 9.9 -10.1 0.356 49.2 -3.8 0.026 11.76 39.8 0.12 
9 -5.0 9.8 -10.2 0.358 49.2 -3.9 0.027 11.81 40.0 0.11 
10 -5.1 9.8 -10.3 0.357 48.5 -4.2 0.027 11.86 39.8 0.11 
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40 cfrn, 5 fpi, June 14, 1991 
TIME TAO TAl TRI RMF RH DPI M> LVI.. APR X 
0 -4.5 9.8 -10.1 0.349 34.0 -10.7 0.021 11.43 40.5 0.11 
1 -4.8 9.6 -10.0 0.348 51.9 -3.0 0.022 11.49 40.3 0.13 
2 -4.5 9.8 -9.4 0.351 50.3 -3.5 0.023 11.54 40.2 0.14 
3 -4.9 9.9 -10.1 0.357 48.4 -4.1 0.024 11.57 40.2 0.14 
4 -5.3 10.2 -10.9 0.363 47.5 -4.2 0.024 11.60 40.2 0.11 
5 -5.0 9.8 -10.3 0.356 50.3 -3.5 0.025 11.66 40.3 0.13 
6 -5.0 9.9 -10.3 0.354 52.5 -2.6 0.026 11.70 40.3 0.13 
7 -4.9 10.0 -9.9 0.355 52.3 -2.6 0.027 11.76 40.3 0.14 
8 -4.9 9.9 -9.8 0.359 51.5 -2.9 0.028 11.81 40.3 0.12 
9 -5.2 9.8 -10.4 0.356 51.2 -3.2 0.029 11.87 40.1 0.13 
10 -5.1 9.9 -10.2 0.353 50.4 -3.4 0.029 11.91 40.1 0.13 
30 cfrn, 5 fpi, May 16, 1991 
TIME TAO TAl TRI RMF RH DPI L\P LVI.. APR X 
0 -5.4 9.9 -10.2 0.345 45.7 -5.2 0.016 11.39 30.1 0.10 
1 -6.0 10.0 -10.4 0.354 54.8 -1.7 0.016 11.45 29.7 0.10 
2 -5.8 9.9 -10.0 0.345 73.2 3.8 0.017 11.49 29.7 0.11 
3 -5.5 10.1 -9.5 0.346 72.6 3.8 0.017 11.54 29.6 0.11 
4 -5.8 10.2 -9.8 0.345 53.5 -1.9 0.017 11.58 29.6 0.11 
5 -5.8 10.3 -9.9 0.345 42.3 -6.3 0.018 11.63 29.6 0.12 
6 -5.8 10.3 -9.7 0.344 53.7 -1.8 0.018 11.66 29.6 0.12 
7 -5.9 10.3 -10.0 0.344 60.6 0.5 0.019 11.71 29.5 0.12 
8 -5.9 10.3 -10.0 0.343 56.4 -0.9 0.019 11.77 29.6 0.12 
9 -6.1 10.3 -10.0 0.343 45.6 -4.9 0.019 11.80 29.7 0.12 
10 -6.2 10.2 -10.2 0.342 48.0 -4.0 0.020 11.85 29.6 0.12 
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30 efm, 5 (pi, June 25, 1991 
TIME TAO TAl TRI RMF RH DPI L\P LVL APR X 
0 -5.3 9.7 -10.1 0.353 48.3 -4.4 0.018 11.33 30.2 0.14 
1 -5.4 10.2 -10.0 0.354 50.0 -3.2 0.018 11.40 30.4 0.11 
2 -5.6 9.8 -9.9 0.355 48.4 -4.2 0.019 11.45 30.4 0.12 
3 -5.7 9.9 -10.1 0.352 48.3 -4.2 0.020 11.50 30.5 0.13 
4 -5.7 9.9 -10.1 0.350 47.0 -4.6 0.020 11.55 30.5 0.13 
5 -5.8 9.9 -10.1 0.348 46.1 -5.0 0.021 11.60 30.4 0.13 
6 -5.6 10.1 -9.8 0.349 46.3 -4.8 0.022 11.65 30.4 0.13 
7 -5.6 10.2 -9.8 0.350 46.2 -4.7 0.022 11.71 30.4 0.13 
8 -5.9 10.2 -10.2 0.348 46.3 -4.7 0.023 11.76 30.5 0.13 
9 -6.0 10.0 -10.2 0.347 45.9 -5.0 0.024 11.82 30.6 0.13 
10 -5.7 10.1 -10.0 0.344 47.0 -4.4 0.025 11.86 30.5 0.13 
20 cfm, 5 fpi, February 21, 1991 
TIME TAO TAl TRI RMF RH DPI L\P LVL APR X 
0 -4.9 11.4 -7.8 0.365 56.0 0.1 0.014 11.37 20.55 0.14 
1 -6.5 11.9 -10.0 0.361 50.9 -1.3 0.012 11.45 20.44 0.11 
2 -6.8 12.1 -9.9 0.363 49.4 -1.7 0.012 11.48 20.52 0.10 
3 -6.2 12.2 -9.6 0.363 49.1 -1.7 0.012 11.52 20.48 0.11 
4 -6.5 12.1 -9.5 0.372 49.4 -1.6 0.012 11.56 20.52 0.10 
5 -5.9 12.1 -9.7 0.372 49.6 -1.6 0.012 11.61 20.48 0.09 
6 -6.7 12.1 -10.6 0.373 49.1 -1.8 0.012 11.65 20.40 0.09 
7 -6.2 12.2 -9.4 0.365 49.2 -1.7 0.013 11.71 20.42 0.11 
8 -7.0 12.1 -10.2 0.367 49.1 -1.8 0.013 11.74 20.48 0.11 
9 -7.2 12.2 -10.7 0.366 50.1 -1.3 0.013 11.79 20.34 0.11 
10 -7.4 12.4 -10.6 0.366 49.4 -1.4 0.014 11.84 20.44 0.11 
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20 cfm, 5 fpi, April 25, 1991 
TIME TAO TAl TRI RMF RH DPI AI> LVL APR X 
0 -6.8 12.5 -10.3 0.347 30.2 -10.4 0.012 11.57 20.6 0.11 
1 -6.6 12.7 -9.9 0.351 49.6 -1.0 0.012 11.61 20.4 0.13 
2 -6.4 12.4 -9.3 0.360 51.3 -0.7 0.013 11.67 20.4 0.11 
3 -7.0 12.5 -10.4 0.357 50.7 -0.8 0.013 11.73 20.4 0.09 
4 -6.9 11.7 -10.0 0.352 52.1 -1.1 0.013 11.80 20.4 0.12 
5 -7.1 11.5 -10.2 0.354 50.7 -1.7 0.014 11.86 20.4 0.13 
6 -7.2 11.4 -10.3 0.351 50.8 -1.8 0.014 11.90 20.4 0.13 
7 -7.3 11.3 -10.2 0.348 49.1 -2.6 0.014 11.96 20.4 0.14 
8 -7.0 11.4 -10.0 0.357 49.4 -2.3 0.014 12.00 20.4 0.14 
9 -7.2 11.5 -10.2 0.356 50.1 -2.0 0.015 12.05 20.4 0.14 
10 -7.4 11.5 -10.6 0.354 50.3 -1.9 0.015 12.10 20.3 0.14 
80 cfm, 2.5 fpi, September 26, 1991 
TIME TAO TAl TRI RMF RH DPI AI> LVL APR X 
0 1.6 9.9 -9.9 0.353 40.4 -7.4 0.024 11.16 80.1 0.14 
1 1.3 10.0 -10.4 0.360 51.9 -2.7 0.025 11.21 80.0 0.10 
2 1.4 10.2 -10.4 0.346 52.2 -2.4 0.026 11.25 79.8 0.11 
3 1.4 10.1 -10.0 0.347 49.5 -3.6 0.027 11.27 79.7 0.12 
4 1.8 10.2 -9.2 0.350 50.2 -3.1 0.027 11.30 79.9 0.13 
5 2.2 10.5 -8.5 0.353 50.2 -2.9 0.028 11.32 79.6 0.13 
6 1.7 10.5 -9.9 0.353 50.5 -2.8 0.028 11.35 79.5 0.14 
7 1.3 10.2 -10.0 0.360 49.1 -3.6 0.029 11.37 79.6 0.11 
8 1.2 10.2 -10.4 0.357 50.2 -3.1 0.030 11.41 79.6 0.12 
9 1.6 10.3 -9.9 0.354 51.2 -2.7 0.031 11.43 79.8 0.11 
10 1.2 10.2 -10.7 0.349 50.3 -3.1 0.032 11.47 79.8 0.11 
56 
60 cfrn, 2.5 fpi, October 2, 1991 
TIME TAO TAl TRI RMF RH DPI AI' LVL APR X 
0 0.4 9.7 -10.3 0.353 38.1 -8.7 0.017 11.25 60.6 0.11 
1 0.3 9.6 -10.0 0.359 52.7 -2.8 0.018 11.29 59.9 0.11 
2 1.2 10.0 -8.5 0.356 51.3 -2.9 0.018 11.30 60.1 0.11 
3 0.9 10.1 -9.5 0.361 48.9 -3.7 0.018 11.32 60.0 0.11 
4 0.5 10.0 -10.0 0.353 48.6 -4.0 0.018 11.35 60.0 0.11 
5 0.6 10.1 -10.1 0.353 51.3 -2.8 0.019 11.37 59.7 0.11 
6 0.6 10.0 -10.3 0.349 52.1 -2.6 0.019 11.40 59.8 0.13 
7 0.6 10.2 -10.3 0.348 50.3 -3.1 0.020 11.42 60.0 0.13 
8 0.5 10.2 -10.3 0.347 49.4 -3.5 0.020 11.45 59.8 0.13 
9 0.3 10.1 -10.7 0.345 50.9 -3.0 0.021 11.48 59.9 0.13 
10 0.6 10.2 -10.0 0.341 52.4 -2.4 0.021 11.49 59.9 0.12 
60 cfrn, 2.5 fpi, October 4, 1991 
TIME TAO TAl TRI RMF RH DPI aP LVL APR X 
0 0.4 9.9 -10.4 0.355 38.0 -8.6 0.017 11.35 59.4 0.10 
1 0.4 9.8 -10.1 0.351 50.9 -3.3 0.018 11.37 59.9 0.15 
2 0.3 9.6 -10.0 0.369 49.9 -3.8 0.018 11.40 60.0 0.10 
3 0.4 10.0 -10.0 0.363 47.7 -4.3 0.019 11.43 59.8 0.10 
4 0.5 10.0 -10.0 0.349 47.7 -4.3 0.019 11.45 60.1 0.10 
5 0.6 10.1 -10.0 0.350 49.0 -3.7 0.019 11.47 59.9 0.10 
6 0.6 10.1 -9.8 0.353 49.5 -3.5 0.020 11.49 59.8 0.10 
7 0.4 10.0 -10.2 0.352 49.8 -3.5 0.020 11.52 59.8 0.10 
8 0.4 10.2 -10.4 0.349 49.5 -3.5 0.021 11.55 59.9 0.11 
9 0.1 10.1 -10.8 0.346 49.3 -3.6 0.021 11.59 59.9 0.11 
10 -0.1 10.0 -11.1 0.342 48.7 -3.9 0.022 11.61 60.2 0.11 
57 
40 cfm, 2.5 fpi, September 20, 1991 
TIME TAO TAl TRI RMF RH DPI ~P LVL APR X 
0 -0.5 9.9 -10.1 0.347 37.6 -8.8 0.010 11.37 39.8 0.12 
1 -0.2 10.5 -9.8 0.345 57.5 -0.3 0.010 11.41 40.0 0.15 
2 -0.4 10.4 -9.9 0.349 54.6 -1.4 0.011 11.45 40.1 0.12 
3 0.2 10.5 -8.7 0.355 54.2 -1.4 0.012 11.49 40.1 0.13 
4 -0.3 10.4 -9.5 0.356 51.6 -2.5 0.012 11.53 40.0 0.13 
5 -0.3 10.3 -9.4 0.360 49.0 -3.5 0.012 11.55 40.2 0.13 
6 -1.0 10.1 -10.5 0.360 47.7 -4.2 0.012 11.59 40.1 0.13 
7 -1.2 9.9 -10.7 0.358 47.5 -4.5 0.012 11.61 40.1 0.14 
8 -0.9 10.1 -10.2 0.356 48.7 -3.8 0.012 11.64 40.0 0.13 
9 -1.0 10.1 -10.5 0.354 48.6 -3.8 0.012 11.66 40.3 0.13 
10 -0.7 10.4 -10.1 0.353 50.0 -3.1 0.013 11.69 40.0 0.13 
40 cfm, 2.5 fpi, September 24, 1991 
TIME TAO TAl TRI RMF RH DPI ~P LVL APR X 
0 -0.7 9.6 -10.0 0.357 35.4 -10.2 0.010 11.37 40.0 0.12 
1 -0.6 10.2 -10.0 0.355 51.8 -2.5 0.011 11.41 40.2 0.15 
2 -0.9 9.8 -10.3 0.350 49.2 -3.9 0.011 11.45 40.0 0.14 
3 -0.6 10.2 -9.9 0.351 48.8 -3.7 0.011 11.47 40.0 0.14 
4 -0.3 10.1 -9.1 0.357 49.1 -3.7 0.011 11.49 40.2 0.14 
5 -0.1 10.9 -9.4 0.359 50.2 -2.5 0.012 11.51 40.1 0.14 
6 -0.7 10.4 -10.3 0.350 48.5 -3.6 0.012 11.55 40.0 0.12 
7 -0.7 10.5 -10.3 0.347 50.1 -3.0 0.012 11.58 40.0 0.12 
8 -0.6 10.5 -10.2 0.346 48.3 -3.6 0.012 11.61 40.0 0.12 
9 -0.9 10.5 -10.6 0.342 50.1 -2.9 0.013 11.65 40.0 0.13 
10 -0.6 10.6 -10.3 0.340 50.1 -2.8 0.013 11.68 40.1 0.13 
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